The growth-front roughness of amorphous silicon films grown by dc magnetron sputtering at low pressure has been investigated using atomic force microscopy. The interface width w increases as a power law of deposition time t, wϳt ␤ , with ␤ϭ0.41Ϯ0.01, and the lateral correlation length grows as ϳt 1/z , with 1/z ϭ0.42Ϯ0.02. The roughness exponent extracted from height-height correlation analysis is ␣ϭ0.83Ϯ0.03. None of the known growth models can be used to explain the scaling exponents we obtained. Monte Carlo simulations were carried out based on a re-emission model where incident flux distribution, sticking coefficient, and surface diffusion were accounted for in the growth process. The morphology and the scaling exponents obtained from simulations are consistent with the experimental results. When the surface diffusion is switched off in the simulation, columnar structures begin to appear and this is also consistent with the experimental observations of other authors
I. INTRODUCTION
Thin-film growth is a very complicated stochastic process. Thin-film growth fronts under nonequilibrium conditions often show scaling behaviors, and have attracted considerable interest. [1] [2] [3] Dynamic scaling exponents are used to characterize the morphology change of the growing film. Theoretical studies show that depending on the growth mechanism a number of distinct universality classes can be defined, each having a different set of scaling exponents. Therefore from the scaling exponents one may learn what type of processes are involved during the growth. However, experimental conditions are often more complicated and the scaling exponents obtained are often different from those predicted theoretically. 2 This has stimulated researchers to find new models that are more realistic and closer to the actual experimental conditions. 4, 5 Silicon has been a widely used material in the semiconductor industry and is a material of special interest. The dynamic roughening of silicon thin films grown by thermal evaporation, 6, 7 chemical vapor deposition, 8 and molecularbeam epitaxy [9] [10] [11] [12] were studied in the past. The reported scaling exponents basically depend on the deposition technique used. Although some morphological properties of sputter deposited Si films were reported, 13, 14 a detailed dynamic growth study for silicon films grown by sputtering has not been carried out. In this paper, we present measurements of the growth-front roughness of amorphous silicon films grown by a dc magnetron sputtering system. Amorphous films simplify the growth process, because the Schwoebel barrier effect is not believed to play an important role. 6, 7 We extract the scaling exponents and suggest a re-emission model to describe the possible surface growth mechanisms during sputter deposition. Different than the re-emission model proposed by Jason et al.,
4,5 the model we used takes into account surface diffusion and has a more directional incident flux of particles compared to the one used in their work.
II. EXPERIMENT AND RESULTS
Amorphous silicon ͑a-Si͒ films were deposited on Si͑100͒ substrates in a CVC© magnetron sputter deposition system. Sputtering was performed with a high-purity Si target in an Ar working gas. A background pressure of 3.0ϫ10
Ϫ6 Torr was generated in the sputtering chamber prior to the Si deposition. The target was water cooled and the substrate holder was neither cooled nor initially heated. Substrate temperature during the depositions was approximately 70-80°C. Amorphous Si films were deposited in a 5-mTorr argon pressure and the dc discharge power was 900 W ͑2.81 W/cm 2 for our geometry͒. Presputtering was performed for cleaning the Si target surface before the sputtering of silicon. Films were grown at deposition times varying from 5 min up to 10 h. The growth rate was measured to be RӍ10.7Ϯ0.5 nm/min. Ex situ x-ray-diffraction ͑XRD͒ measurements revealed the amorphous structure of the films. Cross-sectional scanning electron microscopy ͑SEM͒ measurements showed no columnar structure unlike that observed by Unagami et al. in their sputter deposited a-Si films at higher Ar pressure ͑ϳ30 mTorr͒. 13 The quantitative information of the surface morphology can be extracted from the equal-time height-height correlation function H(r,t), defined as H(r)ϭ͓͗h(r)Ϫh(0)͔ 2 
͘.
Here h(r) is the surface height at position r͓ϭ(x,y)͔ on the surface relative to the mean surface height. The notation ͗¯͘ means a statistical average. The scaling hypothesis requires that H(r)ϳr 2␣ for rӶ, and H(r)ϭ2w 2 for rӷ. [1] [2] [3] Here is the lateral correlation length, w is the interface width or rms roughness, and ␣ is the roughness exponent, which describes the surface fractality. The interface width w increases as a power law of growth time t, wϳt ␤ , where ␤ is the growth exponent, and the lateral correlation length grows as ϳt 1/z , where 1/z is the dynamic exponent. Dynamic scaling also requires that zϭ␣/␤. Therefore, from the slopes of linear fits to the log-log plots of H(r) versus r ͑for rӶ͒, w versus t, and versus t, we can extract the roughness exponents ␣, ␤, and 1/z, respectively.
The surface morphology was measured using contactmode AFM ͑atomic force microscopy͒ ͑Park Scientific Auto CP͒. The radius of the Si 3 N 4 tip is about 10 nm, and the side angle is about 10°. Each AFM image included 256ϫ256 pixels. Representative surface morphologies are shown in Fig. 1 for the growth times of tϭ10, 40, 150, and 300 min. As one can see from Fig. 1 , the surface features grow with time.
In Fig. 2 we plot the height-height correlation function H(r,t) curves in log-log scale for different deposition times. These curves were obtained by using a line-by-line averaging process. The line-by-line and circular averaging methods give the same result due to the isotropic nature of the films. All the H(r,t) do not overlap each other until the deposition times reach around 20 min. Up to 20 min the growth is nonstationary. In other words, the local surface slope is a function of growth time. 15 In a nonstationary growth the scaling relation zϭ␣/␤ may break down. 16 After 20 min, the height-height correlation curves begin to overlap, which suggests that the growth, after 20 min, gradually becomes stationary. The roughness exponent value of each H(r,t) curve is the same within the experimental errors: ␣ϭ0.83Ϯ0.03. But measured ␣ values can be higher than the true values because of the tip effect. 17 Aue et al. showed that the surface fractal dimension determined with a scanning probe technique will always lead to an underestimate of the actual scaling dimension, due to the convolution of tip and surface ͓fractal dimension d f for a 1ϩ1 interface is related to ␣ by d f ϭ2Ϫ␣ ͑Ref. 2͔͒. Aue et al. analysis included tips with different shapes and aspect ratios. Their analysis for a tip similar to what we used suggests that our true ␣ should be around 0.6 -0.7.
The interface width w as a function of deposition time t is plotted in Fig. 3 . The linear fit to Fig. 3 gives the growth exponent ␤ϭ0.41Ϯ0.01. In this fit we did not include data points up to tϭ20 min, because the slope in this regime is pretty high (␤Ӎ0.71) suggesting that growth is random here. In order to determine accurately, we calculated the twodimensional autocorrelation C(r)ϭ͗h(r)h(0)͘ function from each AFM image, and use the quadrant circularly averaged autocorrelation function C c (r) to determine by the relation C c ()ϭC c (0)/e. The log-log plot of versus t is shown in Fig. 4 . As can be seen from Fig. 4 , does not change too much up to the deposition times tϭ20 min, after which a stationary growth begins to develop. On the other hand, after 20 min the lateral correlation increases linearly in the log-log plot, and the best fit to this regime gives 1/z ϭ0.42Ϯ0.02 (zϭ2.38Ϯ0.11). From the measured ␣ and ␤, the scaling relation zϭ␣/␤ predicts 1/zӍ0.49 (zӍ2.02), which is close to the measured 1/z.
III. DISCUSSION

A. Growth model
Our experimental results show that the roughness exponents obtained for our sputter deposited silicon films fit none of the presently known universality classes. [1] [2] [3] Local models typically give ␤р0.25 except the random deposition model where ␤ϭ0.50. In a local growth model, each surface point is related only to a limited number of neighboring points. In reality, the morphology of the neighboring points can result in a shadowing effect where the valleys of the surface receive less incident flux due to the hills around them. A pure shadowing effect would give ␤ϭ1. 5, 18, 19 Furthermore, an incident atom can bounce off of the surface depending on its sticking coefficient (s c ). The average probability of sticking is a result of the complicated interactions between the incident atom and the surface. These re-emitted particles can fill the valleys faster and increase the conformality. Another smoothening effect comes from adatom diffusion on the surface towards regions with lower surface potential energy ͑e.g., valleys͒, which is a local effect.
We suggest that the recently developed re-emission model by Drotar et al. 4, 5 can bring out a good degree of explanation of the surface dynamics of our sputter growth results. The model assumes a two-dimensional surface described by a height function h(r,t). Overhangs are not allowed. The ratio of the mean free path of the incoming particles to the characteristic length of the surface features is assumed to be large ͑Knudsen number ӷ1͒ which is the case in our experiment. Hence collisions between particles within the surface features are neglected. It is also assumed that the surface evolves slowly compared to the redistribution of flux due to the surface features ͑e.g., within the time it typically takes for a re-emitted particle to go from one point on the surface to another, the surface does not change much͒. The probability of an incoming particle sticking to the surface is s 0 (0 рs 0 р1), where s 0 is called the zeroth-order sticking coefficient. Incoming particles are called zeroth-order particles, while an nth-order particle that has been re-emitted is called an (nϩ1)th-order particle. The probability of an nth-order particle sticking is s n (0рs n р1), and if the particle does not stick ͑this has a probability 1Ϫs n ͒, then it will be reemitted ͑in other words, the flux is redistributed͒. The overall flux of nth-order particles at the in-plane position r at time t is denoted by F n (r,t). A detailed description of the characteristics of F n and the concept of the re-emission mode is given in Ref. 4 . The proposed growth model has the form ‫ץ‬h ‫ץ‬t
where the first, second, and last terms are the condensation/ evaporation, surface diffusion, and noise terms, respectively. The inherent noise in the growth process satisfies ͗͑r,t͒͘ϭ0, and
where A is proportional to the root-mean-square value of the noise term. The factor ͱ1ϩ(ٌh) 2 in Eq. ͑1͒ implies that the growth takes place normal to the surface. The main difficulty lies in finding each F n . An analytical form of F n has been proposed that takes into account re-emission modes and shadowing effects. 
B. Numerical calculations
Numerical computation times of Eq. ͑1͒ are quite long for a reasonable scaling regime. Instead, we used Monte Carlo code to simulate growth corresponding to that given by Eq. ͑1͒. The details of the basic processes used in the code are given in Refs. 4 and 5. We took into account surface diffusion in our simulations, which was not included in Refs. 4 and 5 before. A summary of basic growth processes is sketched in Fig. 5 . Briefly, the simulation proceeds according to a simple set of rules. A single particle ͑with a position described by x, y, and z͒ is introduced with random ͑uni-formly distributed͒ variables x and y, while z is set to the maximum height of the surface, plus 1. The direction of the particle follows the distribution dP(,)/d⍀ 
FIG. 5. Some basic processes in the Monte Carlo simulation: ͑1͒
A particle is sent towards surface with angles and . This particle sticks to the surface with probability s 0 . ͑2͒ If the particle does not stick, then it is re-emitted. If it finds another surface feature on its way it may stick there with probability s 1 . The re-emission process goes on like this for higher-order particles, too. ͑3͒ An adatom can diffuse on the surface. ͑4͒ Some surface points are shadowed from the incident and re-emission fluxes of particles due to the nearby higher surface features.
ϭ(2 cos )/( sin ), where is the angle of the projection of the particle's trajectory in the xy plane, is the angle between the particle's trajectory and the negative z axis, and d⍀ is equal to d(cos )d. We believe that this type of flux distribution can represent a typical flux of sputtered atoms. 20, 21 We used a square lattice surface model which is much faster than off-lattice models and can equivalently simulate amorphous structures. 2, 3 The particle moves in a straight line until it hits the surface and it is either deposited (h→hϩ1) or is re-emitted according to the thermal reemission mode. The particle then travels in a straight line until it hits the surface again or heads away from the surface ͑in other words, z equals the maximum of the surface plus 1͒. The particle is allowed to continue ''bouncing'' off the surface until it is deposited on the surface or heads away from the surface.
Once a particle is deposited, a prescribed number of atoms, being set to D/F, are randomly picked to become candidates for diffusion. Here, D denotes the number of surface atoms that are available to diffuse within the unit time interval, in which F atoms are deposited to the surface. Therefore, at a time step of a deposited single particle (Fϭ1), the surface can, at most, have D/F diffusing atoms. In this way, the ratio of diffusion to deposition strength is adjusted ͑see the discussion given on p. 176 of Ref. 2͒. The diffusing surface atom can jump to a nearby site with a probability proportional to exp͓Ϫ(E 0 ϩnnE N )/k B T͔. Here E 0 is the activation energy for diffusion, E N is the bonding energy with a nearest neighbor, and nn is the number of nearest neighbors. k B and T are the Boltzmann constant and surface temperature, respectively. The particle goes on jumping until it finds an island of atoms, a kink site, a valley or any lattice point, where (E 0 ϩnnE N ) becomes large and the diffusion probability becomes small. The diffusing particle is prohibited from making a single jump up to a site where the height change is more than one lattice atom. But it can diffuse all the way down to surface valleys at any time ͑i.e., ⌬hр1͒. We set the evaporation/condensation terms to zero in our code, since we believe that these effects become negligible at low substrate temperatures ͑see Chaps. 13 and 14 of Ref. 2͒. Finally, after the diffusion step is done, another particle is allowed to fall on the surface and the whole process is repeated. We note that our incident flux distribution is different from the one used in Refs. 4 and 5. In addition, we include surface diffusion.
During the simulations, we used a 1024ϫ1024 lattice size for the surface in the x and y plane. We first considered a pure shadowing case and set s 0 ϭ1. 5 Without the surface diffusion our simulations gave ␤Ӎ1 with a highly columnar surface morphology, which was not observed in our experiment. Then, the diffusion parameters were set to E 0 ϭ0.1 eV, E N ϭ0.1 eV, and Tϭ350 K with D/F values varying from 10 to 60. We still got ␤Ӎ1 with a similar columnar morphology. More realistically, the value of s 0 should be less than 1. Assuming that the incident silicon atoms have energies in the range of 1-10 eV, 20, 22 we estimated that s 0 is between 0.56 and 0.76 by simulations 23 and s nϾ0 Ӎ1. Simulations with s 0 ϭ0.65, s nϾ0 ϭ1 and without surface diffusion gave ␤ϭ0.67Ϯ0.02 and ␣ϭ0.50Ϯ0.01. We then activated the surface diffusion and increased the D/F values up to 60. The adatom diffusion is believed to originate from the localized temperature spikes at the vapor-solid interface due to the argon ion bombardment. 13, 24 This effect is enhanced as the working pressure of argon is decreased. 13 The change of the growth exponent ␤ with D/F is shown in Fig. 6 . As can be seen from Fig. 6 , as D/F gets higher, ␤ converges to the value ϳ0.34. In this range of high D/F the roughness exponent approaches ␣Ӎ0.38. ͑The scaling exponents are very sensitive to the value of s n and partially to D/F. For some s n values, the scaling exponents do not change significantly with the increase of D/F. 25 ͒ At D/F ϭ20 we obtain ␤ϭ0.42Ϯ0.02, ␣ϭ0.44Ϯ0.01, and 1/z ϭ0.67Ϯ0.04 (zϭ1.49Ϯ0.09). Figure 7 shows the surfaces obtained from the simulations with s 0 ϭ0.65, s nϾ0 ϭ1, and D/Fϭ20. These simulated morphologies are very similar to the AFM pictures shown in Fig.  1 . Height-height correlation function evolution obtained from the morphologies at various deposition times are plotted in Fig. 8͑a͒ . The interface width after a long simulation was shown in Fig. 8͑b͒ . As can be seen from Fig. 8͑b͒ , the log-log plot of interface width has a linear part, from which we extract ␤ at intermediate times denoted by arrows. Figure  8͑b͒ also shows that at longer times the interface width reaches a saturation point after which it does not increase anymore. The growth exponent ␤ obtained from simulations 0.42Ϯ0.02 agrees well with experimental value 0.41Ϯ0.01. The roughness exponent ␣ from the experiments 0.83 Ϯ0.03 is higher than 0.44Ϯ0.01 predicted above. However, the true ␣ value after the corrections due to the finite tip effect is expected to be lower than the experimental ␣. Using the analysis by Aue et al. we estimated the true ␣ to be around 0.6 -0.7. The dynamic exponent 1/z from the experiments 0.42Ϯ0.02 is lower than 0.67Ϯ0.04 obtained from the simulations. Taking into account the tip effect, by using a corrected ␣ϳ0.65 we obtained the dynamic exponent from the scaling relation zϭ␣/␤ to be 1/zӍ0.63, which is close to the simulations. Unagami et al. observed that as the argon gas pressure is increased, the self-bias potential on the substrate is reduced, and the average energy of the ion bombardment is reduced. 13 They observed that the overall effect of this increase of argon pressure was to enhance the columnar structure formation. They suggest that at higher argon pressures, the incident silicon atoms are scattered more efficiently, and the oblique component of the incident Si flux is more pronounced. This results in more shadowing effects and therefore more significant columnar structures. We believe that the model we presented above can also be used to describe the enhanced columnar structure formation. As mentioned above the decrease of self-biasing at higher Ar gas pressures would reduce the energy of ions bombarding the surface. Lower energy ions would reduce the effect of localized temperature spikes, 24 and therefore would reduce the diffusion of surface atoms. This corresponds to lower D/F values, and therefore higher ␤ values and more pronounced columnar morphologies.
IV. CONCLUSIONS
In conclusion, the dynamic growth front roughening of a-Si films prepared by a low-pressure magnetron dc sputtering system was presented. SEM pictures showed no columnar structures. Morphology of the films at different deposition times was measured using AFM. A scaling hypothesis has been used to describe the measured exponents ␣ϭ0.83 Ϯ0.03, ␤ϭ0.41Ϯ0.01, and 1/zϭ0.42Ϯ0.02. None of the well-known growth models describes the scaling exponents we obtained. We used a re-emission model having a nonlocal nature to describe our results. The model includes the reemission of particles, surface diffusion, and uncorrelated noise effects. For faster computation times, we used Monte Carlo code to simulate the growth process. Simulations with a high directionality flux, a first-order re-emission process, and surface diffusion gave ␣ϭ0.44Ϯ0.01, ␤ϭ0.42Ϯ0.02, and 1/zϭ0.67Ϯ0.04. The growth exponent ␤ agrees very well with the experimental result. The higher and the lower values of the experimentally obtained ␣ and 1/z, respectively, can be attributed to the AFM tip artifact. If the tip effect is considered, the ␣ value is estimated to be ϳ0.65 and the 1/z value increases to ϳ0.63, close to the simulated 0.67Ϯ0.04. As the surface diffusion is removed from the simulation, columnar structures begin to appear and this is also consistent with the experimental observations of others.
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FIG. 8. ͑a͒
The equal-time height-height correlation function H(r,t) curves obtained from the simulated surfaces with s 0 ϭ0.65, s nϾ0 ϭ1, and D/Fϭ20 as a function of the distance r are plotted in log-log scale. The unit of growth time t labeled near each H(r,t) curve is ͑ϫ10 7 particles.͒. ͑b͒ The interface width w versus growth time t is plotted in log-log scale. ␤ is extracted from the linear part of the plot indicated by arrows after which w reaches the saturation level.
